Abstract Hematopoietic stem cell transplantation (HSCT) bears a risk of reactivating latent cytomegalovirus (CMV) in either the transplanted hematopoietic donor cells or in parenchymal and stromal tissue cells of the immunocompromised recipient, or in both. While reactivated human CMV in recipients of organ transplantations is frequently the virus variant of the donor, this is not usually the case in HSCT recipients. Here we have used experimental sex-mismatched HSCT in the BALB/c mouse model to test if latent murine CMV from CMV-immune donors is transmitted with bone marrow cells to naive immunocompromised recipients.
Introduction and clinical background
Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is a therapeutic option against forms of leukemias that are not eradicated by conventional antitumoral therapies [1, 2] (see also the contribution by Erlach et al. in this issue of MMI). In the gap period of an immunocompromised state between hematoablative treatment and complete lymphohematopoietic reconstitution--including the reconstitution of mature CD4 and CD8 T cells--HSCT recipients are at risk of reactivating latent cytomegalovirus (CMV) with the consequence of recurrent productive infection and manifestations of CMV disease, of interstitial pneumonia in particular [3, 4] ¡ R + and D + R + (in clinical practice usually assessed from the serostatus with regard to the presence of CMV-speciWc antibodies) latent CMV can reactivate from the transplanted donor cells, from the recipient's own latently infected tissue cells, and from both, respectively (for a review see [5] ).
In the case of HSCT, a risk of CMV reactivation in the combination D + R ¡ implies that CMV latency is established in cells of hematopoietic diVerentiation lineages, that is in stem cells, progenitor cells or the more mature progeny thereof. For latent human CMV (hCMV) infection there indeed exists a large body of evidence to conclude that a low proportion of CD34 + myeloid lineage early progenitor cells and their lineage-committed descendants, dendritic cell progenitors in particular, can be latently infected. They carry latent viral genome as an episome in a higher order chromatin-like structure, can express a limited set of "latency-associated" transcripts, and can reactivate infectious virus upon cell diVerentiation or certain stimuli thought to involve chromatin remodeling for desilencing of productive cycle genes [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] (for reviews see [16] [17] [18] [19] [20] ). An important aspect to be taken into account is the signiWcant genetic and phenotypic variance between recent clinical isolates or strains of hCMV [15, 21, 22] . Studying 20 recent clinical isolates in long-term bone marrow cell cultures, the group of Beverly Torok-Storb found only eight C. K. Seckert · A. Renzaho · M. J. Reddehase · N. K. A. Grzimek (&) Institute for Virology, Johannes Gutenberg-University, Obere Zahlbacher Strasse 67, Hochhaus am Augustusplatz, 55131 Mainz, Germany e-mail: grzimek@uni-mainz.de myelotropic isolates infecting hematopoietic cells of the myeloid lineage, four of which failed to infect the bone marrow stromal cells [21] . More recently, work by Goodrum and colleagues from the laboratory of Thomas Shenk showed that only low-passage strains of hCMV were able to infect CD34 + myeloid cells with the hallmarks of latency, whereas laboratory strains infected these cells productively. They provided evidence to conclude that UL138, which is present in the genomes of low-passage strains but is lost in high-passage laboratory strains, is required for hCMV to establish and/or maintain a latent infection in hematopoietic progenitor cells [15] .
Thus, though with possible virus strain diVerences, latent donor virus could be transmitted by HSCT to immunocompromised recipients, reactivate, and cause CMV disease as well as establish latency in recipients' tissues after lymphohematopoietic reconstitution has resolved the acute infection. What these studies do not tell us is how eYcient virus actually reactivates from latently infected hematopoietic progenitor cells, that is, how high the risk of CMV infection actually is in a D + R ¡ combination of HSCT. A very informative statistical survey of the risk associated with the serostatus for hCMV at time of transplantation, reported by Emery [23] , revealed a distinctive diVerence between solid organ transplantation and bone marrow transplantation (BMT). In renal and liver transplant recipients, reactivating virus was found to be mostly donorderived [24] with a risk of symptomatic infection of the recipients ranking as
This clearly indicates that kidney and liver are organ sites of latent hCMV infection and that reactivation of virus from these sites is frequent and clinically relevant. In contrast, in bone marrow transplantation, the risk ranking was reversed to
Accordingly, reactivating virus was found to be mostly recipient-derived, which implies that it also originated from organ sites of virus latency. Transfer of donor immunity in the BMT setting could possibly explain the lower risk that is associated with CMV-immune donors, and we certainly also have to consider a role for diVerences in the clinical protocols used for solid organ and bone marrow transplantation. All these data are also compatible, however, with the hypothesis that latent hCMV reactivates from hematopoietic cells only ineYciently, and that parenchymal or stromal cells in host tissues are the more relevant reservoir for latent virus in both the organ transplant donor and the bone marrow transplant recipient.
Conscious of the fact that the murine model of CMV latency (for reviews see [25] [26] [27] [28] ) can never comprehensively reXect the phenotypic variance of all clinical isolates of hCMV, which laboratory strains of hCMV cannot either, we were interested in the basic question if latent murine CMV (mCMV) can be transmitted by experimental HSCT to highly susceptible, immunocompromised and CMV-naive recipients.
Materials and methods

Experimental HSCT and establishment of latent mCMV infection
Sex-mismatched allo-HSCT was performed essentially as described previously [29] [30] [31] . Recipients were female (XX, tdy gene-negative) BALB/c mice (H-2 d haplotype). For serial HSCT, donors were male (XY, tdy gene-positive) BALB/c mice in HSCT-1 or thus generated XY-XX bone marrow chimeras in HSCT-2, resulting in XY-XX-XX trimeras. In brief, hematoablative conditioning of 8-10-weekold primary recipients was achieved by total-body -irradiation with a single dose of 6.5 Gy. HSCT-1 was performed 6 h later by infusion of 5 £ 10 6 femoral and tibial donor bone marrow cells (BMC) into the tail vein of the primary recipients. After acute infection and establishment of latency, these chimeric primary recipients served as donors for HSCT-2. After the hematoablative conditioning of the secondary recipients, 90% of the total yield of BMC from one latently infected donor (two femurs and two tibias) was transplanted to one recipient (one-into-one HSCT), Wve donor-recipient pairs altogether. Infection of HSCT-1 recipients with 10 5 plaque-forming units (PFU) of puriWed wild-type mCMV, strain Smith ATCC VR-194 (mCMV-WT.Smith), was performed subcutaneously in the left hind footpad. The criteria for the deWnition of latency were speciWed previously (for a review see [25] ) and include the absence of infectivity in key organs of CMV tropism (spleen, lungs, and salivary glands) as well as PCR-veriWed absence of viral DNA from blood (<1 copy per 10 4 leukocytes), which otherwise could contaminate bone marrow with intravascular cells. Clearance of viral DNA from blood is the criterion that takes longest to be fulWlled in the HSCT model, usually 8-10 months [25] . Animals were bred and housed under speciWed pathogen-free conditions in the Central Laboratory Animal Facility (CLAF) of the Johannes Gutenberg University. Animal experiments were approved according to German federal law under permission number 177-07/021-28.
Isolation of DNA from organs, bone marrow, and blood A maximum of 25 mg of tissue from lungs and liver and of 10 mg from the spleen were homogenized with a QIAGEN Mixer Mill MM300 and a steel ball (0.118 in.) at 30 Hz for 3 min. The homogenized tissue was pelletized, and DNA was extracted with the DNeasy Blood & Tissue Kit (catalog. no. 69504; QIAGEN) as described previously [32] , except that elution of DNA was in one round with a total of 200 l elution buVer. For isolation of DNA from bone marrow, 10% of the isolated BMC (a maximum of 5 £ 10 6 cells per preparation vial) were resuspended in 200 l PBS and lysed by proteinase K digestion, followed by DNA binding to the DNeasy mini column, washing steps, and one round of DNA elution in a total volume of 200 l. For isolation of DNA from blood samples, 50 l of whole blood was immediately mixed with 20 l of EDTA (86 mM stock solution in distilled water) and 130 l of phosphate buVered saline to reach a Wnal volume of 200 l. DNA was extracted using a QIAamp DNA Blood Mini Kit (catalog. no. 51106; QIAGEN) following the manufacturer's recommendations. In brief, protease digestion was followed by DNA binding to the QIAamp spin column, two rounds of washing, and elution of DNA in a total volume of 100 l.
Quantitation of latent viral genomes and of male hematopoietic cells
In DNA from blood, only latent viral genomes were quantitated, whereas latent viral genomes and male sex-deWning gene tdy were quantitated in DNA from lungs, liver, spleen, and bone marrow by the respective real-time PCRs using the 7500 Real Time PCR System (Applied Biosystems) and the QuantiTect SYBR Green PCR Kit (catalog. no. 204143; QIAGEN). A 1/50 aliquot of each DNA preparation from organs or bone marrow and a 1/25 aliquot of the DNA preparation from blood was added as template DNA to a reaction mixture that included the QuantiTect SYBR Green PCR master mix with an initial MgCl 2 concentration of 2.5 mM and 0.75 M of each primer. Primers for ampliWcation of a 135-bp fragment of the viral gene M55 (gB) were LCgBforw and LCgB-rev, and primers for ampliWcation of a 142-bp fragment of the cellular pthrp gene were LCPTHrPforw and LCPTHrP-rev, as described in greater detail previously [32] . For ampliWcation of the 133-bp fragment of the Y-chromosomal tdy gene, primers LCTdy-forw (5Ј-ATG CATTTATGGTGTGGTCCC-3Ј) and LCTdy-rev (5Ј-AAG GGCCTTTTTTCGGCTTC-3Ј), representing map positions 126-146 and 258-239, respectively, were used (GenBank accession no. 287804). PCR was performed with cycler conditions as described previously [32] . Standard curves for quantitation were established by using graded numbers of linearized plasmid pDrive_gB_PTHrP_Tdy [32] as the template.
Results
Experimental regimen of serial HSCT to evaluate transfer of latency with hematopoietic cells
The concept of serial HSCT is sketched in Fig. 1 . In HSCT-1, MHC-matched sex-mismatched allo-HSCT is performed by using BALB/c (H-2 d ) male BMC donors and female HSCT recipients, thus generating XY-XX bone marrow chimeras characterized by a male hematopoietic compartment and a female stromal compartment. Prior to the transplantation, the recipients were immunocompromised by hematoablative conditioning, and shortly after the transplantation they were infected with mCMV-WT.Smith. The clinical correlate of HSCT-1 is a D ¡ R ¡ condition of HSCT (see "Introduction and clinical background") with an extraneous primary infection of the immunocompromised recipients.
Viral pathogenesis, lympho-hematopoietic reconstitution, resolution of the productive infection, and the establisment of latency in HSCT recipients have been analyzed in this model in great detail previously [29, 30, [33] [34] [35] [36] [37] (for reviews see [25, 27, 28, 38] and the contribution by Erlach et al. in this issue of MMI). Importantly, whereas under conditions of low-dose HSCT mCMV-WT.Smith inhibits the engraftment of hematopoietic donor stem and progenitor cells in the recipients' bone marrow stroma with the outcome of a lethal bone marrow aplasia [29, 30, 33] , this pathogenesis is prevented under conditions of high-dose HSCT by the successful reconstitution of protective CD8 T cells [34, 35] with the result that acute infection is cleared and viral latency established [36, 37] . High-dose HSCT was therefore chosen here to establish a latent infection in the chimeric primary recipients for answering the speciWc question if viral latency is established in their bone marrow and if latent virus can be transmitted with hematopoietic cells to secondary HSCT recipients.
Consequently, HSCT-2 is performed using the latently infected HSCT-1 recipients now as donors. The clinical correlate of HSCT-2 is a D + R ¡ condition of HSCT (see "Introduction and clinical background"). Since the recipients are naive in terms of CMV-experience and are severely immunocompromised, they lack CMV-speciWc antibodies and depend on donor hematopoiesis for mounting a protective adaptive immune response. In the vulnerable phase between hematoablative treatment and donor-derived hematopoietic reconstitution, such recipients are highly susceptible to a primary mCMV infection. We know that after intravenous administration a single infectious unit, that is 1 PFU, can initiate productive infection with the expected Poisson statistics and that 10 PFU infect all recipients. Thus, traces of residual infectious virus in the donor BMC as well as virus reactivation from latency in hematopoietic donor cells should be detected in this system with highest possible sensitivity.
Very low viral genome load in the bone marrow of latently infected HSCT-1 recipients As discussed above, traces of infectious virus can lead to productive infection in immunocompromised recipients. Thus, for testing transfer of viral latency and a true post-transplantational recurrence in HSCT-2 recipients, it was a mandatory precondition to rigorously exclude a low-level persistence of productive infection of HSCT-2 donors, that is the HSCT-1 recipients. In addition, to make sure that viral genomes detected in BMC originated from the hematopoietic and/or stromal compartment of the bone marrow but not from the vascular compartment, in this model we deWned latency as a state at which viral genomes are detectable in organs but are absent from peripheral blood [39] [40] [41] (for a review see [25] ). The conclusion from the previous Wndings was that viral DNA present in blood leukocytes, in Gr-1 + CD11b + granulocytes in particular, results from the acute organ infection by virus uptake rather than from exported latently infected hematopoietic cell progeny [42] and that clearance of productive infection in host organs, including the salivary glands as the privileged site of prolonged virus replication (see the contribution by Campbell et al. in this issue of MMI), precedes clearance of viral DNA from the blood by »4 months [41] .
To take all this into account, HSCT-1 recipients were monitored for the time course of virus replication in organs of experimental group members by a highly sensitive PFU assay [41] as well as longitudinally in individual mice for the clearance of viral genomes from the tail vein blood. In accordance with previous data [41] , productive infection was found to be cleared in all organs at 6 months after infection (data not shown) and, in this experiment, at 8 months viral DNA was cleared from the blood in all individual mice tested, with a single exception (Fig. 2) . Five of the chimeric HSCT-1 recipients that had already cleared viral genome from the blood were selected to serve as latently infected donors in HSCT-2. ¡ pre-transplantation CMV-serostatus of donor and recipient with extraneous primary infection. Upon intravenous transplantation into -irradiated (Xash symbol 6.5 Gy) female BALB/c recipients (XX genotype), male donor hematopoietic cells replace the radiation-sensitive female hematopoietic cells, whereas the radiation-resistant female stromal cells are not replaced, which leads to XY-XX bone marrow chimeras. On the day of HSCT-1, recipients were infected with 1 £ 10 5 PFU of mCMV-WT.Smith. At 8 months after this primary infection, the meanwhile latently infected XY-XX chimeras served as BMC donors for a further HSCT. The number of transplanted latent virus genomes was determined by real-time PCR. HSCT-2 (bottom panel, HSCT-2) corresponds to a D + R ¡ pre-transplantation CMV-serostatus of donor and recipient, a constellation that bears a risk of virus reactivation from donor cells only. HSCT-2 was performed as a "one-into-one" transplantation, that is the total yield of BMC (except 10% required for viral load determination) from one chimeric donor was transferred into one female recipient, thus leading to XY-XX-XX trimeras. Viral DNA loads in lungs, liver, spleen, and bone marrow as well as the proportion of donor-derived hematopoietic cells were determined by the respective real-time PCRs at 12 months after HSCT-2 Quantitation of viral DNA in the bone marrow of individual HSCT-2 donors at the time of transplantation to individually corresponding HSCT-2 recipients (one-into-one HSCT) was performed for a 10% aliquot of the BMC by real-time PCR (Fig. 3) and the data were extrapolated to the 90% of the BMC that were transferred to HSCT-2 recipients (Table 1) . Thus estimated numbers of transferred viral genomes were fairly low, ranging from undetectable to »2,500 genomes. The highest amount of latent genomes transferred (HSCT-2 donor and recipient pair #4) corresponds to just 5 PFU in acute infection, based on a genometo-infectivity ratio of »500 [41] . That the HSCT-2 donors were indeed latently infected is documented for the very same individual mice by a quite high latent viral genome load in the organs tested (Fig. 4) . For instance, donor #2 was found to carry only »5 latent viral genomes per 10 6 BMC (Table 1) , whereas the load was »7,500 latent viral genomes per 10 6 lung cells, »450 per 10 6 liver cells, and »2,500 per 10 6 spleen cells. Calculations for the other four donors gave comparable results, with no obvious correlation between latent viral DNA load in BMC and in organs.
In conclusion, although latent viral DNA can be found in low copy numbers in BMC, these data clearly indicate that the bone marrow is, at best, a very minor site of mCMV latency. In accordance with previous work [39] , recipient organs, the lungs in particular, are here conWrmed as being the major source of latent viral genomes. Whether hematopoietic cells carry latent viral DNA at all is still unclear. Previous work has shown that under conditions of CMVmediated bone marrow aplasia reticular bone marrow stromal cells are infected in vivo with features of a non-productive "latent" infection characterized by limited viral gene expression associated, however, with an altered expression of cellular hemopoietin genes [29, 30] . In HSCT chimeras, the stromal network is always recipient-derived, as stromal cells, even if they are present in the donor BMC population, are not transplantable [29, 30] . Thus, the low number of latent viral genomes detected in BMC might reside in stromal cells rather than in hematopoietic cells. As the stroma is the tissue of the bone marrow, latent infection of the stroma would be in compliance with latent infection in most other tissues, and the low viral genome load in bone marrow might simply reXect the low proportion of stromal cells among the BMC that are quantitatively dominated by hematopoietic cells [29] (see also Fig. 5a ). [32] that comprises both the viral and the cellular gene. 10 2 plasmids were measured in duplicates, 10 and 5 plasmids were measured in triplicates. Depicted are only the mean values. Note that 35 ampliWcation cycles correspond to 5 viral templates in the probe. As probes which are below the cutoV value may nevertheless contain 1 or 2 viral templates, the sum of viral genomes calculated from the positive replicates for each of the 5 mice represents a minimum estimate of the number of viral genomes present in 6 out of 50 DNA aliquots (see above as well as Table 1) Plasmid Standard
Viral latency is not transplantable by HSCT
Although the latent viral DNA load was very low in the BMC of the HSCT-2 donors, there still existed the possibility that a few latent viral genomes, if present in hematopoietic stem or early progenitor cells, might be multiplied in the HSCT recipients as the hematopoietic cells engraft, proliferate, and diVerentiate. In addition, virus reactivation in latently infected transplanted cells or in their more diVerentiated progeny could lead to a primary productive infection of the recipients, which would be reXected by a massive increase in the viral DNA load. To test for this, a 1-year follow-up was made for the Wve HSCT-2 recipients by measuring the viral DNA load in tail vein blood in weekly intervals for 2 months and in bimonthly intervals thereafter. At no time could viral DNA be detected in tail vein blood and none of the HSCT-2 recipients ever developed signs of CMV disease (data not shown). Thus, there was no evidence whatsoever for a primary infection of the immunocompromised and therefore, highly susceptible HSCT recipients in this experimental D + R ¡ setting of HSCT. Finally, after 12 months, viral DNA load was determined in BMC and in various organs.
The disenchanting result is shown in Fig. 5 . Whereas male (tdy gene-positive) hematopoietic cells, derived from the HSCT-1 donors 20 months earlier, were found to have repopulated the bone marrow of the XY-XX-XX HSCT-2 recipients (Fig. 5a , left column) and male progeny were present in an organotypic distribution (Fig. 5b , left column), viral genomes were absent throughout ( Fig. 5a, b ; right column).
Concluding remarks and outlook
In essence, we have shown that BMC from latently infected HSCT donors do not transmit virus to recipients in a murine model of MHC-matched, sex-mismatched allo-HSCT with D + R ¡ CMV status. Sure, in view of the literature on hCMV latency in cells of the myeloid lineage one can argue that a murine model based on Wbroblast-propagated mCMV-WT.Smith may not adaequately represent the clinical situation after infection with myelotropic variants of hCMV. This is certainly true. On the other hand, however, diVerent clinical isolates of hCMV diVer signiWcantly from each other in their cell type tropism [21, 22, 43] . Therefore, regarding the establishment of latency in hematopoietic cells and the transmission of latent viral DNA by clinical HSCT, there exists no uniform answer either. Interestingly, mCMV replication is less cell-type restricted than is the replication of many hCMV isolates. In immunocompromised mice, mCMV-WT.Smith and bacterial artiWcial chromosome (BAC)-cloned mCMV-WT.BAC [44] replicate in many cell types, including Wbrocyte-like stromal cells, many diVerent types of epithelial cells, endothelial cells, macrophages, and dendritic cells [35] . Even an enhancer swap mutant of mCMV that carries the hCMV major immediate-early promoter-enhancer [45] (see also the contribution by Stinski and Isomura in this issue of MMI) replicated in vivo in essentially all kinds of tissues [45] . In long-term bone marrow cell cultures, however, the myelosuppressive eVect of mCMV-WT.Smith could be attributed to the infection of bone marrow stroma, whereas the hematopoietic myeloid-lineage progenitor cells were not directly targeted and could thus be rescued from infected cell cultures by transfer to uninfected stromal cell monolayers [46] . Although this is a distinctive feature by which mCMV-WT.Smith and some clinical isolates/variants of hCMV diVer, the majority of the isolates were found to behave like mCMV-WT.Smith in this particular respect [21, 46] . Thus, the murine model may be valid for some but not all clinical isolates or low-passage strains of hCMV.
Nonetheless, with respect to the low risk of symptomatic infection of recipients in HSCT with a D + R ¡ CMV status [23] (see above), the murine model strikingly mirrors the clinical risk assessment. This is probably the strongest argument for the validity of the murine model, at least with regard to the majority of hCMV variants.
Previous studies in diVerent murine models, including neonatal infection and infection in HSCT, have clearly documented a correlation between latent viral DNA load and the risk of virus reactivation and recurrence [39, 47, 48] . From the very low load of latent viral DNA in bone marrow, in particular when compared with the high load in organs, as described here for the murine HSCT model, we would conclude that it is primarily the latent viral DNA load that deWnes the probability for virus reactivation in D + R ¡ settings, which would explain why a D + R ¡ CMV status predicts low and high risk for HSCT and solid organ transplantations, respectively [23] .
There exists, however, an alternative explanation. In a D + R + setting, the risk should be additive due to latent CMV DNA load contributed by both donor and recipient; however, the clinical data showed that in HSCT the risk in a D + R + setting is lower than in a D ¡ R + setting, a Wnding that may indicate that pre-existing donor immunity controls virus reactivation in the recipient unless cells involved in adaptive immunity are depleted prior to HSCT. This hypothesis can now be experimentally tested in the murine model of HSCT and CMV infection. 
